Abstract: This paper presents the results of an investigation aimed at developing reinforced concrete beams consisting of precast permanent U-shaped reinforced mortar forms filled with different types of core materials to be used as a viable alternative to the conventional reinforced concrete beam. To accomplish this objective, an experimental program was conducted and theoretical model was adopted. The experimental program comprised casting and testing of thirty beams of total dimensions 300 9 150 9 2,000 mm consisting of permanent precast U-shaped reinforced mortar forms of thickness 25 mm filled with the core material. Three additional typical reinforced concrete beams of the same total dimensions were also cast to serve as control specimens. Two types of single-layer and double-layers steel meshes were used to reinforce the permanent U-shaped forms; namely welded wire mesh and X8 expanded steel mesh. Three types of core materials were investigated: conventional concrete, autoclaved aerated lightweight concrete brick, and recycled concrete. Two types of shear connections between the precast permanent reinforced mortar form and the core material were investigated namely; adhesive bonding layer between the two surfaces, and mechanical shear connectors. The test specimens were tested as simple beams under three-point loadings on a span of 1,800 mm. The behavior of the beams incorporating the permanent forms was compared to that of the control beams. The experimental results showed that better crack resistance, high serviceability and ultimate loads, and good energy absorption could be achieved by using the proposed beams which verifies the validity of using the proposed system. The theoretical results compared well with the experimental ones.
Introduction
Ferrocement is a construction material that proved to have superior qualities of crack control, impact resistance, and toughness, largely due to the close spacing and uniform dispersion of reinforcement within the material. One of the main advantages of ferrocement is that it can be constructed with a wide spectrum of qualities, properties, and cost, according to customer's demand and budget. The ACI committee 549 published a general definition of ferrocement states that ''Ferrocement is a type of thin wall reinforced concrete commonly constructed of hydraulic cement mortar reinforced with closely spaced layers of continuous and relatively small size wire mesh, the mesh may be made of metallic or other suitable materials'' (ACI 2006) .
Recently, ferrocement has received attention as a potential building material, especially for roofing of housing construction (National Academy of Sciences 1973) and has been used for several applications (Naaman 2000) . Ferrocement has received attention as a potential building material. Many investigators have reported the physical and mechanical properties of this material, and numerous test data are available to define its performance (Naaman 1979; Yogendran et al. 1987; Korany 1996) .
The ferrocement has been used as sole construction material and as a repair material. Al-Rifaei and Hassan (1994) presented the results of an experimental and theoretical study of the behavior of channel shaped ferrocement one-way bending elements. The results showed that this type of elements can undergo large deflections before failure and is suitable for construction of horizontally spanning unit for one-way bending. Fahmy et al. (2006 Fahmy et al. ( , 2012 have used ferrocement laminate for constructing sandwich and hollow core precast panels for wall construction. Chandrasekhar Rao et al. (2008) reported the results of an experimental study on the strength and behavioral aspects of voided ferrocement channels for precast beams. Their test results indicated drop in flexural strength of the voided channels as compared with the solid ones. However, this drop is very negligible compared to the decrease in the weight of the member. Mays and Barnes (1995) presented the results of an experimental investigation to examine the feasibility of using ferrocement as a low permeability cover layer to reinforced concrete members located in environments, where there is a high risk of reinforcement corrosion. They found that the resistance to chloride penetration in accelerated ageing tests was enhanced by using styrene butadiene rubber or acrylic bond coat between the ferrocement forms and the concrete. They also reported that this protective cover could be precast and work as permanent formwork for the concrete element. They found the use of such permanent ferrocement formwork gave an increase in strength of 15 % over the conventional reinforced concrete. Singh et al. (1994) and Gregson and Dickson (1994) reported on the use of innovative combination of ferrocement and reinforced concrete to construct the distinctive exposed structure of the first floor slab of the Schlumberger Cambridge Research building. Fahmy et al. (1997a Fahmy et al. ( , 1997b Fahmy et al. ( , 1999 reported in the literature the results of investigations aimed at using ferrocement for repairing reinforced concrete beams, slabs, and columns. Their reported experimental results showed the effectiveness of using the ferrocement laminates for repairing these structural elements.
Recently Abdel Tawab et al. (2012) has presented the results of an experimental investigation to examine the feasibility and effectiveness of using precast U-shaped ferrocement laminates as permanent forms for construction of reinforced concrete beams. The precast permanent ferrocement forms were proposed as a viable alternative to the commonly used wooden and/or steel temporary forms. The authors used woven wire mesh, X8 expanded wire mesh, and EX156 expanded wire mesh for reinforcing the precast ferrocement forms. The precast ferrocement forms were filled with conventional concrete reinforced with two steel bars. Neither bonding agent not mechanical shear connection was used in that research to provide shear connection between the forms and the core. The reported results showed that high serviceability and ultimate loads, crack resistance control, and good energy absorption properties could be achieved by using the proposed ferrocement forms.
This paper presents a continuation of the investigation reported by Tawab et al. (2012) . In the present investigation single and double layers of welded wire and X8 expanded steel meshes are used to reinforce the U-shaped forms. In addition, three types of core material are used to fill the reinforced mortar forms namely; conventional concrete, autoclaved aerated lightweight concrete brick, and recycled concrete. Two types of connections between the precast permanent form and the core material are investigated namely; adhesive bonding layer between the two surfaces, and mechanical shear connectors. Because the volume fraction and specific surface area of the used reinforcing meshes in the present investigation are less than that specified by ACI (2006) and IFS (2001) , the U-shaped forms were defined as reinforced mortar rather than Ferrocement forms to be consistent with the ACI and IFS definition.
However, for practical application the minimum volume faction and specific area of the meshes should be observed and the U-shaped forms could be defined as ferrocement forms.
Experimental Program
The experimental program of the present investigation comprised casting and testing of three control reinforced concrete beams of dimensions 300 9 150 9 2,000 mm and 30 beams of total dimensions of 300 9 150 9 2,000 mm consisting of 25 mm thick U-shaped permanent reinforced mortar forms filled with core material. The type of the reinforcing steel mesh in the mortar forms, number of steel mesh layers, the type of core material, and the type of shear connecting media between the reinforced mortar forms and the core material were varied in the test program. The details of the test specimens are given in Table 1 and the cross sections of the different specimens are shown in Fig. 1 . The following code was used for the sample designation: the first letter defines the type of mesh (W for welded wire mesh and E for expanded steel mesh), the second letter defines the number of reinforcing mesh layers (S for single layer and D for double layers), the third letter defines the type of core material and the shear connection media (C for concrete with bonding agent, R for recycled concrete with bonding agent, B for concrete brick with bonding agent, and S for concrete core with mechanical shear connection).
The test beams were divided into eleven groups and each group contained three identical specimens. Group number 1 is the control group in which the beams were cast using ordinary formwork. The beams in this group were reinforced with 2/12 mm high tensile strength steel bars at the tension side and 2/12 mm high tensile strength steel bars at the compression side as well as shear reinforcement (stirrups) of Ø8 mm at 200 mm spacing. The beams incorporating reinforced mortar forms were grouped according to the mesh type, number of steel mesh layers, type of core material, and shear connection method. For all the beams incorporating precast reinforced mortar forms, the core of material was reinforced with two high tensile strength steel bars of 12 mm diameter in the tension side only. Neither reinforcing bars at the compression side nor stirrups were used in these groups. Two types of steel mesh were used to reinforce the U-shaped forms namely; welded wire mesh and X8 expanded steel mesh. Single or double layers of the steel mesh were used as shown in Table 1 . In the design of the test specimen it was assured that the total percentage of steel reinforcement (reinforcing bars and steel mesh) did not exceed the maximum percentage allowed by the design code. This is an important issue that should be observed by the designers at the practical application stage. Shear connection between the reinforced mortar form and the core for groups 5 and 10 was provided by fixing bolts through the sides and bottom of the forms while for the rest of the groups bonding agent was applied on the inner surface of the forms before casting the core. 
Mix Design and Material Properties
Sand-cement mortar was used for producing the reinforced mortar U-shaped permanent forms. The sand-cement mortar consisted of sand, ordinary Portland cement, and silica fume. 15 % of the cement by weight was replaced with silica fume. Sand to cement/silica fume ratio of 2 was used in the present research. Water to cement/silica fume ratio of 0.40 was used for the mixtures of all beams. Super plasticizer with ratio of 1.5 % by weight of cement/silica fume was used to improve workability of the mixtures. The compressive strength of the form's mortar was determined by testing 50 9 50 9 50 mm cubes. The compressive strength of the mortar after 28 days was obtained by testing three cubes for each beam. The average results for each beam are given in Tables 2 and 3. Concrete was used for the control beams and as core for groups 2, 3, 5, 7, 8 and 10. The concrete mix consisted of crushed dolomite, sand, and Portland cement with coarse to fine aggregate ratio of 2 and sand to cement ratio of 2. The water/cement ratio was 0.4. Superplasticizer with ratio of 1.5 % by weight of cement was used to improve workability of the mixture. The compressive strength of the concrete after 28 days was determined by testing 150 9 150 9 150 mm cubes and the average results are given in Tables 2 and 3 for all groups.
Commercially produced autoclaved aerated lightweight concrete brick of dimensions 600 9 200 9 70 mm was used as the core material for groups 4 and 9. The published technical data by the manufacturer for this type of brick shows that it has dry unit weight of 600-650 kg/m 3 , porosity of 22-30 %, and thermal conductivity (K) of 0.27-0.34 W/m o C. Standard compression test was performed on three units of the used lightweight brick and the average compressive strength was found to be 4.1 MPa.
Recycled concrete was used as core material for groups 6 and 11. The term ''Recycled Aggregate Concrete'' is defined by many authors as concrete produced using recycled aggregates or combinations of recycled aggregates and other aggregates (Karlsson 1997) . In the present investigation crushed concrete was used to replace natural coarse aggregates. The crushed concrete was obtained from the concrete test samples prepared and tested for other projects in the laboratory which had an original strength 25-30 MPa. The crushed material had a maximum size of 38 mm, a saturated surface dry specific gravity of 2.36 and absorption of 5.8 %. The mix proportions were similar to those of the conventional concrete with the exception of the percentage of super plasticizer which was 2.0 % for the recycled concrete mixtures. The compressive strength of the recycled concrete for after 28 days was determined by testing 150 9 150 9 150 mm cubes and average results are given in Tables 2 and 3. High tensile strength steel welded wire mesh of 2.7 mm in diameter and 35 9 35 mm in spacing was used for reinforcing the U-Shaped forms for groups 2 through 6. Tensile tests on samples of the welded wire mesh showed that the proof stress and the tensile strength were 730 and 830 MPa respectively. For groups 7 through 11, X8 expanded steel meshes were used. This type of steel mesh has diamond openings of size 9.5 9 31 mm, strand width of 2.4 mm, strand thickness of 1,25 mm, and approximate weight of 2.5 kg/m 2 . Tensile tests performed on this type of steel mesh showed that the proof stress and the tensile strength were 200 and 320 MPa respectively. Figure 2 shows the two types of steel mesh.
High tensile strength steel was used for the reinforcing bars in the control beams and the core of the other groups. Tests showed that the proof stress and tensile strength for this type of steel are 640 and 720 MPa respectively. Mild steel was used for the stirrups of the control beams. This mild steel had nominal yield stress of 240 MPa. Tensile test was not performed on this type of steel.
For groups 5 and 10, quality 8.8 high strength steel bolts of length 70 mm and diameter 12 mm were used for shear connection. The proof stress of this type of high strength bolts is 640 MPa and the ultimate strength is 880 MPa. Commercially available epoxy resin bonding agent was used to provide the connection between the reinforced mortar form and the core for the rest of the groups. The used material complies with ASTM C881 Standards type II, grade 2, class B?C (ASTM Committee C09 on Concrete and Concrete aggregate 2012). It has a density of 1.4 kg/l at 20°C.
Preparation of Test Specimens
A special steel mold, Fig. 3 , was designed and manufactured to cast three U-shaped reinforced mortar forms at the same time. The forms were prepared in the following sequence:
1. The steel mold was assembled and the reinforcing steel mesh was formed in a U-shaped form and placed in each vent of the mold. The constituents of the mortar were mixed and cast in each vent to the required thickness of 25 mm with the reinforcing mesh placed at mid thickness as shown in Figs. 4a and 4b. 2. Wooden pans were placed on top of the cast reinforced mortar layer and the sides of the forms were cast around the wooden pans in each vent of the steel mold as shown in Fig. 4c . 3. The reinforced mortar forms were left for 24 h in the mold before disassembling the mold. At the end of this step, three U-shaped reinforced mortar forms are produced. The forms were covered with wet burlap for 28 days and then were stored as shown in Fig. 4d .
The prepared reinforced mortar U-shaped forms were used as permanent forms to cast the concrete and recycled concrete core of the test specimens. For the beams without mechanical shear connection, the inside surface of the sides and bottom of the U-shaped form was coated with the epoxy bonding agent and the two steel bars of 12 mm diameter were placed inside the U-shaped forms before casting the concrete core. The beams were covered with wet burlap for 28 days before testing.
For the beams with mechanical shear connection, groups 5 and 10, 14 holes were drilled in the U-shaped form; 4 at each side and 6 at the bottom. Fourteen high tensile strength steel bolts were fixed using nuts as shown in Fig. 5 before casting the core. The number of shear connectors on each side of the beam centerline (two on the side and three on the bottom of the U-shaped form) was calculated to transmit the developed ultimate tensile force in the pertinent reinforced mortar layer to the core material through single shearing mechanism in the bolts. The needed number of bolts was two on each side. However, one additional bolt was added at the bottom of the beam on each side to assure full connection and to reduce the spacing between bolts. The head of the bolts protruded outside the U-shaped forms. However, in practice a recess could be provided in the forms to accommodate the bolt head and eliminate such protrusion. For these two groups, the inside surface of the U-shaped form was not coated with bonding agent.
For groups 4 and 9, the inside three surfaces of the U-shaped form were coated using bond enhancing agent. Two high tensile strength steel bars of 12 mm diameter were placed inside the U-shaped forms and a mortar layer of 25 mm thickness was laid around the bars. Lightweight brick units of dimensions 600 9 200 9 70 mm were laid inside the forms on top of the bottom mortar layer and mortar was then cast around and on top of the brick. Based on the inside dimensions of the U-shaped forms and the dimensions of the brick units, the brick core inside the U-shaped form was covered with a mortar of 50 mm thick at the top as shown in Fig. 1c . The beams were covered with wet burlap for 28 days before testing.
The same steel mold, which was used to cast the U-shaped forms, was used to cast the three control specimens. In this case, the three wooden pans were not used. A reinforcing steel cage consisting of two top and two bottom steel bars and five stirrups per meter was prepared for each control specimen. The three steel cages were placed in the vents of the steel mold before casting the concrete. The beams were left in the mold for 48 h before disassembling of the mold and were then covered with wet burlap for 28 days before testing.
Test Setup
At the time of testing, the specimen was painted with white paint to facilitate the visual crack detection during testing process. A set of eight ''demec'' points was placed on one side of the specimen to allow measuring the strain versus load during the test. Demec points were centered on the centerline of the specimens as shown in the Fig. 6 .
The specimen was laid on a universal testing machine of maximum capacity of 250 KN, where the test was conducted under a three-point load system with a span of 1,800 mm. A dial gauge with an accuracy of 0.01 mm was placed under the specimen at the center to measure the deflection versus load. Load was applied at 5 kN increments on the specimen exactly at the center. The horizontal distance between each pair of demec points was recorded by using a mechanical strain gauge reader. Concurrently, the beam deflection was determined by recording the dial gauge reading at each load increment. Cracks were traced throughout the sides of the specimen and then marked with red and black markers. The first cracking load of each specimen was recorded. The load was increased until complete failure of the specimen was reached.
Theoretical Investigation

Theoretical Calculation of the First Cracking Load
The first cracking load for the different test specimens was calculated by applying similar method as that used for reinforced concrete section. This method was previously used by Abdel Tawab (2006) and proved to be valid for predicting the first cracking load for the beams incorporating precast permanent reinforced mortar forms. The cracking moment (M cr ) and the cracking load (P cr ) are given by:
where f ctr is the cracking strength of the material, I g is the gross moment of inertia of the section, L is the span of the beam, and y b is the distance from the neutral axis to the bottom of the section. The Egyptian code for reinforced concrete structures (HBRC 2008) defines the tensile strength of the concrete and the form's mortar (f t ) in terms of the material compressive strength (f cu ) as:
For the concrete, the cracking strength (f ctr.c ) equals f t.c . For the reinforced mortar forms reinforced with expanded steel mesh, the cracking strength of the mortar-reinforcement composite (f ctr.f ) is determined by using the ''rule of mixtures'' suggested by Rajagopalan and Parameswaran (1975) as:
where V f is the volume fraction of the steel mesh and F ym is the yield or proof stress of the mesh material. For the case of reinforced mortar forms reinforced with welded wire mesh, f ctr.f was found to be more appropriately estimated from the theoretical model proposed by Paramasivam and Nathan (1984) as:
Theoretical Calculation of Ultimate Flexural Load
The theoretical method used in this research to compute the ultimate load for the test specimens is similar to that presented by Abdel Tawab (2006) . The basic assumptions in the calculation of the ultimate moment are:
• The strains in the mortar matrix, concrete core, and the reinforcing steel are directly proportional to the distances from the neutral axis as shown in Fig. 7 .
• Failure occurs when the maximum compressive strain in the form's mortar matrix and the concrete core reaches 0.0035.
• At ultimate load, the tensile contribution of mortar matrix and the concrete core are neglected and the compressive contribution is represented by a rectangular stress block of depth (a) equals to 0.8d n and stress of 0.67 f cu (HBRC 2008).
The internal forces in the reinforced mortar, concrete core, reinforcing bars, and reinforcing steel meshes are shown in Fig. 7 . For equilibrium:
The internal forces C c , C m , F s.top , F mesh.web , T s.bot , and T mesh.bot are shown in Fig. 7 and are given by: 
The strain at the top steel bars, bottom steel bars, web steel meshes, and bottom steel meshes could be obtained from the geometry of the strain distribution shown in Fig. 7 . r s.top and e mesh.web could be tension (positive sign) or compression (negative sign) depending on the location of the neutral axis. The location of the neutral axis (X) is determined by applying trial and error method until Eq. (6) is satisfied. The calculation was performed on the computer using the Microsoft EXCEL sheet. Once the location of the neutral axis is determined and the internal forces are determined, the ultimate moment on the section (M u ) can be calculated by taking the moment about the point of application of the compression force as follows: 
Accordingly, for simply supported beam subjected to central concentrated load, the ultimate load (P u1 ) is obtained from the following formula: For shear failure of the specimen, the ultimate shear strength (Q u ) of the different specimens was considered in the present investigation as:
For the case of specimens with light brick core, the shear strength of the light brick was neglected since it is very small and the beam is considered for this case as a reinforced mortar beam of thickness (B) equal to (2 t).
The shear strength of ferrocement beams was investigated and reported in the literature by some researchers (Mansur and Ong 1991; Desayi and Nandakumar 1995) The adopted method for shear strength calculation in the present analysis is based on the Egyptian Code provision (HBRC 2008) as stated in Eq. (21). The contribution of the web mesh reinforcement, if exists, has also been added to the Egyptian code equation as a replacement to the effect of the stirrups.
The failure load and mode of failure of the beam is determined by the smaller of P u1 and P u2 . If P u1 is the smaller of the two values, the failure mode is ''flexural failure''. On the other hand, if P u2 is the smaller value, the failure mode is ''shear failure''.
Results and Discussion
The test results are listed in Tables 2 and 3 and the loaddeflection curves of the test specimens are shown in Figs. 8 and 9. Service load, or flexural serviceability load, given in Tables 2 and 3 is defined as the load corresponding to a deflection equal to span/350 which is the allowed deflection according to the Egyptian code for concrete structures (HBRC 2008) . The energy absorption is defined as the area under the load-deflection curve. The theoretical results of the cracking moment and the ultimate load as well as comparison with the experimental results are given in Table 4 .
Generally, the beams incorporating precast permanent reinforced mortar forms filled with concrete or recycled concrete core achieved better results compared to those of the control specimens as shown in Tables 2 and 3 . The percentage of increase in a specific mechanical property varied with the variation of the properties of these beams. The performance of the beams filled with lightweight brick core relative to that of the control beams varied with the type of reinforcing steel mesh.
It is worth noting that the beams incorporating reinforced mortar forms had almost the same stiffness as the control beam upto its cracking load after which they were much stiffer than the control beam. This could be attributed to the fact that these specimens attained the first cracking load at higher level than the control beam and to the role of the reinforcing steel mesh in controlling the crack distribution, height and width. Figure 10 shows the cracking patterns of the different test groups. For the control specimens, cracking started at midspan. As the applied load increased, the developed cracks propagated rapidly from the tension side towards the compression side and new cracks developed on each side of the beam centerline. The control beams failed in flexural mode due to crushing of the concrete compression zone at mid span. Spalling of the concrete cover was observed at failure.
Cracking Behavior and Mode of Failure
For the beams incorporating precast reinforced mortar forms and concrete core or recycled concrete core, the cracking patterns were similar to those of the control beams. However, the first crack was observed at higher load compared to that of the control beams and at failure the observed crack widths were less than those of the control beams. This better cracking behavior is attributed to the presence of the steel mesh in the sides of the U-shaped forms. The number and width of the developed cracks varied with the variation of the type and number of the steel meshes. The mode of failure of these groups of beams was also flexural, similar to the control beams, due to crushing of the concrete compression zone. Spalling of the concrete cover was observed at failure for some of the beams.
Cracking patterns for the beams with lightweight brick core varied with the type of steel mesh. For the welded wire mesh (WSB1, WSB2, and WSB3) the cracks were almost vertical and spread along the whole length of the beam as shown in Fig. 10 . For the case of X8 steel mesh (ESB1, ESB2, and ESB3) diagonal cracks were developed close to the supports at later stage of loading. The crack propagation along the beam depth for the beams with welded wire meshes was less than that for the beams with X8 expanded steel mesh. Before failure of beams reinforced with welded wire mesh (WSB1, WSB2, and WSB3), separation of the side of the U-shaped form the brick core was observed as shown in Fig. 11 and the beams then failed in flexural mode due to crushing of the concrete compression zone at mid span. Beams ESB1, ESB2, and ESB3 failed in shear mode. Although the shear span/depth ratio for ESB specimen is more than 2.5 which indicates that for a typical reinforced concrete beam it would fail in flexural mode, the provided shear strength by the web reinforcement together with the weak brick core was not enough to reach the flexural capacity of the specimen.
Effects of the Test Parameters on the Mechanical Properties of the Test Beams
The effects of the test parameters on the mechanical properties of the proposed beams in terms of deflection characteristics, first cracking load, service load, ultimate load, mode of failure, and energy absorption are presented in the following sections. 
Effect of the Type and Number of Layers of the Steel Mesh
The beams reinforced with welded wire mesh achieved better cracking performance than those reinforced with X8 expanded steel mesh regardless of the number of reinforcing steel layers and the type of core material. From the results in Tables 2 and 3 , the ratio of the first cracking load of the welded wire mesh beams to that of the X8 expanded steel mesh beams was 1.12, 1.33, 1.4, 1.2, 1.19 for (WSC/ESC), (WDC/EDC), (WSB/ESB), (WSS/ESS), and (WSR/ESR) respectively. The better performance of the beams reinforced with welded wire mesh could be attributed to the material properties of the two types of steel meshes which resulted in higher tensile strength of the mortar-mesh composite for the case of welded wire mesh in comparison to that of the X8 expanded steel mesh as explained in Eqs. (4) and (5).
The serviceability load showed minor change with the type and number of reinforcing mesh which indicates minor effect on the stiffness of the beams. The theoretical calculation showed that the type of the steel mesh had minor effect on the moment of inertia and consequently the stiffness of the beams. The change in the stiffness beyond the first crack and upto failure could be attributed to the difference in the value of the first cracking load and the role of each type of steel mesh in controlling the crack height and width.
Although both types of steel meshes had almost the same total volume fraction V r , the difference in the efficiency factor for both types resulted in a higher longitudinal volume fraction V rl for the case of X8 expanded steel mesh as shown in Table 1 . However, the results show that the welded wire mesh achieved higher ultimate load in comparison to those of the X8 expanded steel mesh. Comparing the results of specimens (WSC) with (ESC), (WSS) with (ESS), and (WSR) with (ESR) shows that the ultimate load was higher by 18, 12, and 19 % respectively. This could be attributed to the higher ultimate strength of the welded wire mesh in comparison to that of the X8 expanded steel mesh as mentioned in Sect. 2.1. The slight variation in the percentage of increase in the ultimate load could be attributed to the slight difference in the ultimate strength of the concrete and mortar of the different beams. For the case of double reinforcing layers, the ultimate load of specimen (WDC) was higher than that of (EDC) by about 35 %. The ultimate load of specimen (WSB) was higher than that of (ESB) by about 88 %. This large percentage of increase in the ultimate load for this type of core material is due to the fact that specimen (ESB) failed due shear as X8 expanded steel mesh was insufficient for providing the shear strength together with the weak lightweight brick while specimen (WSB) reached its ultimate flexural strength. All specimens with solid concrete or recycled concrete core achieved higher energy absorption than that of the control beam as shown in Table 5 . The energy absorption of specimens (WSC), (WSS), and (WSR) was higher than that of specimens (ESC), (ESS), and (ESR) by about 14 %. Specimen (WDC) showed much higher energy absorption than that of specimen (EDC) by about 51 %. The comparison between the performance of specimen (WSB) and (ESB) was influenced by the early failure of specimen (ESB) due to shear. The ratio of the energy absorption of specimen (WSB) to that of (ESB) was about 1.88. It is worth noting that specimens (WSB) and (ESB) reached about 41 % and 22 % of the energy absorption of the control beams respectively.
Effect of the Core Material
The effect of the type of solid core material is studied by comparing the results of specimens (WSC) and (WSR) and the results of specimens (ESC) and (ESR). In summary, the type of solid core material has minor effect on the beam initial stiffness, first cracking load, serviceability load, ultimate load, and energy absorption.
Close look at Figs. 8 and 9 shows that specimens (WSC) and (WSR) have almost the same stiffness upto a load of about 60 kN. Beyond this load, minor difference in the stiffness is observed upto the ultimate load. The two specimens showed a difference of 0 % in the first cracking load, 0.4 % in the serviceability load, 2.4 % in the ultimate load, and 2.0 % in the energy absorption. The two specimens reached deflection of 20.4 and 20.0 mm at ultimate. The same behavior was also observed for specimens (ESC) and (ESR) where the stiffness of the beams was almost the same upto load of about 55 kN. These two specimens had difference of 6.0 % in the first cracking load, 0 % in the serviceability load, 1.3 % in the ultimate load, and 2.6 % in the energy absorption. The two specimens reached deflection of 20.1 and 19.6 mm at ultimate load. The slight difference in the mechanical properties of the beams under investigation could be attributed to the slight difference in the tensile and compressive strength of the form's mortar and core material.
On the other hand, the lightweight brick core resulted in substantial reduction in the stiffness of the beam, first cracking load, serviceability load, ultimate load and energy absorption in comparison to the beams incorporation solid concrete/recycled concrete core. It is worth noting that the specimens incorporating welded wire mesh and lightweight brick core reached 107 % of the ultimate load of the control specimen even though failure of this specimen occurred due separation of the sides of the U-shaped forms before reaching the flexural strength of the beam as shown in Fig. 11 . The beams with X8 expanded steel mesh and lightweight brick core failed in shear at 82.4 % of the ultimate load of the control beam.
Effect of the Type of Shear Connection
Comparing the results of specimen (WSS) with mechanical shear connection with the results of specimen (WSC) with the epoxy bonding agent shows no/minor change in the first cracking load (0 %), serviceability load (0 %), ultimate load (2.3 %), and energy absorption (2.1 %). Similar results are obtained when the results of specimens (ESS) and (ESC) were compared where the calculated differences were (6.0 %) in the first cracking load, (0 %) in the serviceability load, (2.6 %) in the ultimate load, and (2.5 %) in the energy absorption. Figures 8 and 9 show that the load-deflection curves for these two types of shear connection were almost identical. These results indicate that the epoxy bonding agent was sufficient to provide the interaction between the precast U-shaped forms and the filling concrete core. The beams with lightweight brick core were constructed using the epoxy bonding agent only to provide shear connection between the precast skin and the core. Accordingly, the investigation of the effect of the type of shear connection for this case was outside the scope of the present research. This could be investigated in future research.
Comparison Between the Theoretical and Experimental Results
The geometric and material properties of the test specimens were used to calculate the respective first crack and ultimate load for each specimen. The theoretical results together with a comparison with the experimental results are shown in Table 4 . The table shows that the predicted results of the first cracking load are very close to the experimental ones for all test specimens. The ratio of the experimental first cracking loads to the predicted ones ranged from 0.91 to 1.08.
The predicted ultimate loads are in good agreement with the experimental observations for all specimens except specimen (WSB). It should be noted here that failure of this specimen occurred due to separation of the sides of the reinforced mortar forms before reaching the flexural strength of the beam as shown in Fig. 11 . The theoretical model was not formulated to detect such mode of failure. The ratio of the experimental ultimate loads to the theoretical ones ranged from 0.99 to 1.09.
The predicted modes of failure agreed with the observed experimental ones for all test specimens.
Conclusions
Within the scope and parameters considered in present research and based on the test results and observations of the experimental investigation; the following conclusions may be drawn:
1. The beams incorporating permanent reinforced mortar forms filled with concrete or recycled concrete core achieved higher first cracking load, serviceability load, ultimate load, and energy absorption compared to the control specimen irrespective of the type and number of layers of the steel mesh. 2. Using recycled concrete as a core material did not have significant drawbacks on the beam's mechanical behavior.
3. The beams incorporating lightweight brick core achieved higher first cracking load and ultimate load relative to the conventional concrete beams when welded wire mesh was employed. On the other hand, there is no change in the first cracking load and reduction in the ultimate load was achieved when expanded wire mesh was used. Using lightweight brick core resulted in a decrease in the serviceability load and energy absorption relative to the conventional concrete beams regardless of the type of steel mesh used. 4. Within the range of test parameter, the U-shaped steel mesh in the permanent reinforced mortar forms provided sufficient shear reinforcement for the beams under investigation except for the beams with lightweight brick core and expanded steel mesh reinforcement. 5. Use of bond enhancing coating between the precast reinforced mortar forms and the core material provides sufficient shear connection between the two surfaces, the use of mechanical shear connector resulted in an insignificant change in the beam's mechanical properties in comparison with those with bond enhancing coating. 6. The beams incorporating thin precast reinforced mortar U-shaped forms could be successfully used as an alternative to the traditional reinforced concrete beams, which could be of true merit in both developed and developing countries besides its anticipated economic and environmental merits. Further research needs to be conducted to reach sound recommendations for practical use especially for the beams with light brick core. The compressive force on the concrete block C m
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